Neurogenesis in the retina requires the concerted action of three different cellular processes: proliferation, differentiation, and apoptosis. Class IA phosphoinositide 3-kinase (PI3K) is a heterodimer composed of a p85 regulatory and a p110 catalytic subunit. p110␣ has been shown to regulate cell division and survival. Little is known of its function in development, however, as p110␣ knockout mice exhibit CNS defects, but death at early embryonic stages impairs further study. Here, we examine the role of PI3K in mouse retina development by expressing an activating form of PI3K regulatory subunit, p65 PI3K , as a transgene in the retina. Mice expressing p65 PI3K showed severely disrupted retina morphogenesis, with ectopic cell masses in the neuroepithelium that evolved into infoldings of adult retinal cell layers. These changes correlated with an altered cell proliferation/cell death balance at early developmental stages. Nonetheless, the most affected cell layer in adult retina was that of photoreceptors, which correlated with selectively increased survival of these cells at developmental stages at which cell division has ceased. These results demonstrate the relevance of accurate PI3K regulation for normal retinal development, supporting class IA PI3K involvement in induction of cell division at early stages of neurogenesis. These data also show that, even after cell division decline, PI3K activation mediates survival of differentiated neurons in vivo. © 2002 Elsevier Science (USA)
INTRODUCTION
The retina is a powerful sense organ that mediates vision. The adult vertebrate retina contains seven major cell types, organized into three nuclear layers: the outer nuclear layer (ONL), comprising the nuclei of photoreceptor cells, the inner nuclear layer (INL), including the nuclei of Mü ller glial cells and interneurons, and the ganglion cell layer (GCL), containing the nuclei of ganglion cells. These layers are separated by those consisting of cytoplasmic projections and synapses of the distinct cell types, which in the innermost layer connect to the brain through the optic nerve. The retina must solve several problems during development. The various cell types must be generated at their correct ratios, must differentiate and migrate to their appropriate positions in adult tissue, and should form synaptic connections (for a review, see Dowling, 1987; .
The developing retina, formed during embryonic life, starts as a pseudostratified sheet of tissue composed of neuroepithelial cells that proliferate and migrate within this layer . A proportion of these cells sequentially exit mitosis and differentiate to a specific retinal cell type, ending migration in a position corresponding to their final location in adult retina. Proliferation is maximal during embryonic development, decreases as differentiation proceeds, and is very low as the retina approaches its final adult stratified cytoarchitecture, around postnatal day 21 . The final numbers of each retinal cell type appear to be controlled by the proliferation level of their progenitors (Alexiades and Cepko, 1996) . Apoptosis nonetheless appears to correct these proportions further, differentially affecting distinct retinal cell types. In fact, although the death rate for ganglion cells (comprising 2.7% of the adult retina) is approximately 50%, that of photorecep-tors (representing 70% of the adult retina) is approximately 5% (Voyvodic et al., 1995; Cook et al., 1998) .
Class IA phosphoinositide 3-kinase (PI3K) are heterodimers composed of a regulatory (p85) and a catalytic (p110) subunit that catalyze the formation of 3-polyphosphoinositides. PI3K involvement in development is supported by the observation that p110␣ knockout mice die at embryonic day 9.5-10. These mice show profound defects in angiogenesis and reduced cell division in the CNS, although it is unclear whether the defects in cell division are secondary to the vasculogenesis defect (Bi et al., 1999) . Additional in vivo analysis of PI3K gene action is required to understand the role of this enzyme in development. These studies are complicated by the diversity of PI3K isoforms (Vanhaesebroeck and Waterfield, 1999) , as well as by the putative requirement for PI3K for survival of other tissues. In fact, mice with targeted deletion of p110␣ or p85␣ exhibit early lethality (Bi et al., 1999; Fruman et al., 2000) . In addition, knockout analysis in mammals often reveals functional redundancy between distinct enzyme isoforms. An alternative approach to understanding how PI3K affects neurogenesis is to examine the consequences of enhancing PI3K activation in a dynamic physiological developmental system. To this end, we have examined transgenic mice expressing an activating mutation of PI3K, p65 PI3K , in the retina. This transgene associates with the p110 catalytic subunit, increasing basal cellular 3-polyphosphoinositide levels and enhancing receptor-triggered PI3K activation (Jimé nez et al., 1998) . p65 PI3K acts potentially on all three class IA catalytic subunits, constituting a useful tool for examining the consequences of class IA PI3K activation. The transgene was expressed under the control of the lck promoter, which drives protein expression in T lymphocytes (Molina et al., 1992; Borlado et al., 2000) as well as in the retina (Omri et al., 1998) . p65 PI3K expression in retina provoked abnormal cytoarchitecture of the retina cell layers, with appearance of ectopic masses in the retinas of young Tg mice, correlating with an altered cell proliferation/cell death balance at early developmental stages. In addition, the most affected cell layer in adult retina was that of photoreceptors. This correlated with increased survival of these cells in Tg retinas at stages when cell division has ceased. These observations indicate that finely tuned regulation of PI3K activity is required for correct retina development, and support the hypothesis that PI3K acts in development by controlling cell proliferation and survival.
MATERIALS AND METHODS

Mice, Histology
p65
PI3K Tg mice were generated as described (Borlado et al., 2000) . Offspring were analyzed and transgene-positive lines backcrossed onto the C57BL/6 background for subsequent experiments. Mice were bred and maintained under specific pathogen-free conditions at the Centro Nacional de Biotecnología.
Whole-mount retina, retinal sections, and dissociated cells were prepared and stained as described (de la Rosa et al., 1990; Pimentel et al., 2000) . Mice were sacrificed, eyes enucleated and fixed in 4% p-formaldehyde in phosphate-buffered saline (PBS) (overnight, 4°C), cryoprotected in 30% sucrose in PBS, and embedded for cryosectioning. Hematoxylin/eosin (Sigma, St. Louis, MO) staining was performed by using standard techniques. For immunohistochemistry, cryosections were permeated with 0.1% (w/v) Triton X-100 (Fluka, Buchs, Switzerland), blocked, and incubated with antibodies. Effects on the different retina cell types were assessed by staining with antibodies to neuron antigens, anti-calretinin (1: 2000; Chemicon International, Temecula, CA), and to photoreceptor cell antigen, anti-opsin clone RET-P1 (1:1000; Sigma). Staining was developed by incubation with Cy3-labeled anti-mouse Ig (1:500, Jackson ImmunoResearch, West Grove, PA) or Alexa 488-anti-rabbit Ig (Molecular Probes, Leiden, The Netherlands). Hematoxylin/eosin staining was visualized by using a Leica MZ APO magnifying microscope coupled to a Kontron Elektronik 3008 camera. Immunofluorescence was visualized by using a Leica fluorescence microscope coupled to a COHU CCD camera.
Identification of Proliferating Cells
The in vivo cell proliferation assay was performed by adding BrdU (Sigma) to drinking water at postnatal day 0 (P0) and injecting 50 l of BrdU (10 mg/ml) intraperitoneally 16 h before mice were killed. The in vitro proliferation assay was performed in cultured retinas as described (Díaz et al., 1999) . Briefly, retinas were dissected and cultured for 12 h in neurobasal medium (Gibco)/1% Hepes/5% horse serum (Sigma)/0.5ϫ B27 supplement (Gibco) with 10 M BrdU (37°C in 5% C0 2 ). Retinas were processed for cryosectioning and stained for BrdU as described (Pimentel et al., 2000) . Single cell suspensions of embryonic day 17 and postnatal days 5 and 16 (P5 and P16) retinas were obtained by incubation of isolated retinas in collagenase (20 g/ml; Sigma) at 37°C for 40 min and subsequent addition of 0.1% trypsin (Sigma). S-phase cells were visualized by using an anti-BrdU mAb (1:2000, clone G3G4 from the Developmental Studies Hybridoma Bank, University of Iowa, IA City, IA), biotin-goat anti-mouse Ig (1:200), Cy3-streptavidin (1:200; Jackson ImmunoResearch). Total cell counting was performed after nuclear staining by using 4Ј,6-diamidino-2-phenylindole (DAPI) (Sigma). BrdU-stained cells were counted under the microscope and by flow cytometry.
Identification of Apoptotic Cells
The terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick-end labeling (TUNEL) (Boehringer Mannheim, Mannheim, Germany) protocol, modified from Blaschke et al. (1996) , was used on whole-mount retina and retina sections to visualize fragmented DNA in apoptotic cells, as described (Díaz et al., 1999; Pimentel et al., 2000) . For whole-mount retinas, pyknotic bodies were counted directly under the microscope; results are presented as isothanas (isodensity curves of dead cells) (Díaz et al., 1999; Pimentel et al., 2000) . To quantitate pyknotic nuclei in cryosections from Tg and wild type (Wt) retinas, all equatorial sections (10 m) containing optic nerve exit from the retina were examined.
Western Blotting
Retinas were dissected from surrounding tissues, frozen, and lysed as described (Jimé nez et al., 1998) . Briefly, retinas were freeze-thawed and lysed in lysis buffer (50 mM Hepes, 150 mM NaCl, 1% w/v Triton X-100, 5 mM NaF, 5 mM PMSF, 5 g/ml leupeptin, 5 g/ml aprotinin, 1.5 g/ml pepstatin, and 1 mM Na 3 VO 4 ). Protein concentration was estimated by the BCA assay (Pierce, Rockford, IL) and equal protein amounts were resolved in SDS-PAGE. Gels were transferred to nitrocellulose and Western blot performed by using anti-p85 Ab (1:5000; Upstate Biotechnology, Lake Placid, NY). Blots were developed with peroxidase anti-rabbit Ig (1:2000; Dako A/S, Denmark) using the ECL system (Amersham Pharmacia Biotech).
Microdissection, RNA Isolation, and RT-PCR
Microdissection was performed in hematoxylin-stained retina sections by using an Olympus IX70 microscope and a DurvizMicrotest laser microdissection system. Briefly, enucleated eyes were embedded immediately for cryosectioning; tissue sections were fixed in 70% ethanol for 1 min and stained by using a modified hematoxylin protocol in which tissue sections in RNAsefree water were incubated sequentially with hematoxylin; RNasefree water; 70, 95, 100% ethanol for 1 min each; and final dehydrated in xylene. Between 5 and 15 ϫ 10 3 cells were acquired per microdissected layer. Microdissected cells were lysed in 200 l of RNA-Easy lysis buffer (Qiagen, Hilden, Germany) and RNA isolated as indicated by the manufacturer. Retinas from p65 PI3K Tg and Wt mice were removed at P5 in RNase-free conditions, frozen in liquid nitrogen, and dissolved immediately in Tri-Reagent lysis solution (Sigma) to isolate mRNA. Poly(A)-mRNA was amplified by using the Reverse Transcription System Kit (Promega, Madison, WI) as described by the manufacturer. Expression of endogenous p85␣ and Tg p65 PI3K mRNA was analyzed in each sample by RT-PCR. Oligonucleotide primers for mouse p85␣ were (5Ј) 5Ј-G-AGTCTTTAGCTCAGTACAACC and (3Ј) 5Ј-CTGCTCTCCCG-GGCAAGGAAAGTGC. For p65 PI3K , the (5Ј) oligonucleotide was as for p85␣ and the (3Ј) oligonucleotide was 5Ј-TTACCAACTT-AGAACACAGGATGTC, which maps within the p65 PI3K -specific eph-like C-terminal region (Jimé nez et al., 1998) . Oligonucleotide primers for Lck PCRs were (5Ј) 5Ј-GCTGTGTCTGCAGCTCA-AAC and (3Ј) oligonucleotide 5Ј-GTCGAAGTCTCTGACCGACA. Hybridization of transferred agarose gels was performed as described (Jimé nez et al., 1998) .
Quantification of Cell Layer Width and Immunofluorescence Intensity
To compare the width of Wt and Tg retinas, equivalent cryosections were stained in parallel with DAPI (or, alternatively, with hematoxylin-eosin or immunofluorescence). Images of control and Tg retinas were taken at the same magnification and microscope capture setting conditions. Width measurements (in arbitrary units) were made by using the NIH Image 1.52 program. To compare immunofluorescence intensity after staining with antiopsin or -calretinin Ab, Wt and Tg samples were processed in parallel and images taken as above. An identical area was selected in the different images and intensity quantified (in arbitrary units) by using the NIH Image 1.52 program.
RESULTS
p85 and p65 PI3K Expression in the Retina
To examine whether enhanced activation of PI3K affects retinal development, we examined Tg mice expressing p65 PI3K under the control of the lck promoter, which drives protein expression in T lymphocytes (Borlado et al., 2000) as well as in the retina (Omri et al., 1998) . For all studies, retinas from young Tg mice were compared with those from Wt littermates.
To examine p65 PI3K transgene expression, we performed RT-PCR using cDNA from of Wt and Tg mouse retinas. Whereas p85␣ expression (710-bp band) was detected in Wt and Tg retina at the different ages examined, the p65 PI3K (548-bp) band was found only in Tg mouse retina (Fig. 1A) . Both actin-and Lck-specific PCRs yielded similar expression patterns in the samples tested (Fig. 1A) . Taking advantage of the distinct molecular weights of p85 and p65 PI3K , we also examined their expression by Western blot. Whereas the p85 band was found in retina extracts from Wt and Tg mice (P30), the p65 PI3K band was detected only in Tg mouse retina (Fig. 1B) . Thymocyte extracts were included as positive control (Fig. 1B) .
p85 and p65 PI3K expression were also examined in the different Tg retinal cell layers. The NL and nascent GCL from P5 retinas (not shown), as well as GCL, ONL, and INL from P16 retinas were microdissected (Fig. 1C) ; mRNA was extracted from the samples and RT-PCR performed as above. At P5, the NL expressed large amounts of p85 and p65 PI3K (Fig. 1D) ; less intense PCR bands were observed in nascent GCL mRNA (not shown). At P16, an age at which stratified structure is present, p65 PI3K and p85 PCR bands were obtained in the ONL mRNA sample; less intense PCR bands were obtained from the GCL and INL samples (Fig.  1D ). Immunofluorescence staining was performed by using anti-p85 Ab (Jimé nez et al., 1998) . Although this Ab does not distinguish between p85 and p65 PI3K , immunofluorescence confirmed that PI3K was expressed at P5 and P16 in the different cell layers, with greater intensity in the photoreceptor outer segments (not shown). In conclusion, p85 and the p65 PI3K transgene are expressed both in the developing and adult Tg retina.
Retinal Dysplasia in p65 PI3K Tg Mice
Neurogenesis in the retina begins in embryonic life and continues in the days following birth (Turner et al., 1990; Altshuler and Lillien, 1992) . To analyze whether enhanced PI3K activation affects retina development in p65 PI3K Tg mice, we examined mice at different developmental stages. Histological examination of Tg retina cryosections revealed an altered phenotype, with ectopic cell masses appearing at P0.5 (compare Fig. 2A with Fig. 2B ). Significant enlargement of the NL was also evident at P5 (compare Figs. 2C and 2D ). These alterations evolved to aberrant cytoarchitecture of P16 retinas (Figs. 2E and 2F) and 1-month-old adult retinas (Figs. 3A-3F ). Tg mice revealed single or multiple areas in which normal retinal architecture was lost, with tissue enlargement, retinal infolding, and partial retinal detachment from the pigment epithelium (PE). The remaining Tg retina surrounding the enlarged regions was normal in appearance (Fig. 2F ). In addition, whereas defects were found in various cell layers during early retinal development and occasionally in adult retina, in most of the cases, the adult retina showed prominent enlargement and infoldings at local areas of the photoreceptor nuclear layer (ONL) and the segment layer containing photoreceptor outer segments (Figs. 3B-3D ). This phenotype was observed in 95% (18/19) of each one of the retinas from 1-month-old Tg mice.
Differentiation Is Not Impaired in Retinas from p65 PI3K Tg Mice
To determine whether p65 PI3K expression altered the proportion of cells that differentiate to a specific cell type during early retina development, P5 Tg and Wt retinas were immunostained for several differentiation markers and with DAPI (Figs. 4A-4D PI3K , p85␣, and actin obtained using mRNAs from the different microsections of P5 nl (nuclear layer) and P16 ONL, INL, and GCL (upper panel). In the lower panels, the gel was transferred to nitrocellulose and hybridized with radiolabeled p65 PI3K -, p85-, or actin-specific oligonucleotides (indicated).
of these differentiated neurons in Wt and Tg retinas (Figs. 4A and 4B) . In fact, quantitation of the width of calretininpositive GCL of Wt and Tg retinas (nonfolded regions) yielded similar values (0.066 Ϯ 0.01 and 0.071 Ϯ 0.01 arbitrary units, respectively). In addition, quantitation of calretinin staining intensity in an identical area of Wt and Tg retina (nonfolded regions) yielded a similar value (220.6 Ϯ 1.5 and 215.0 Ϯ 3.7 arbitrary units, respectively). Anti-photoreceptor cell staining (anti-opsin) showed that the nascent photoreceptor cell layer was also similar in Wt and Tg retinas (Figs. 4C and 4D) , with similar width values (0.114 Ϯ 0.013 and 0.125 Ϯ 0.010, respectively) and comparable intensities of opsin staining per area (188.5 Ϯ 9.1 and 188.7 Ϯ 5.1, respectively). Staining with antibodies recognizing other retinal cell types, including glial cells (anti-GAFP), amacrine cells (anti-syntaxin), and neurons (anti-TUJ1), yielded a consistent result showing similar cell composition in Wt and Tg retinas. Transgene expression thus does not appear to impair or enhance significantly the appearance of any of the major retinal cell types.
We also analyzed differentiation in the ectopic cell masses of P5 Tg retinas; Fig. 4E shows a representative folded area of a P5 Tg retina, resulting from the enlargement of the NL. Despite tissue folding, the proportion of calretinin-positive (Fig. 4E) , opsin-positive (Fig. 4F) , and GAFP-TUJ1-and syntaxin-positive cells (not shown) was similar to that of the surrounding nonenlarged tissue. In fact, although the width of P5 retina infolded regions was significantly enlarged (up to twice the width of Wt retinas; Figs. 4E and 4F), the density of calretinin staining and opsin staining per area was similar in the nonfolded and folded regions of Tg retinas (215.0 Ϯ 3.7 vs 217.5 Ϯ 10.5 for calretinin and 188.7 Ϯ 5.1 vs 194.6 Ϯ 12.0 for opsin intensity). This result illustrates that the enlarged areas of developing P5 retinas also give rise to these representative retinal cell types at normal densities. In spite of this normal differentiation and similar cell density, most mature P30 retinas showed prominent enlargement of the ONL (Figs.  3B-3D) , suggesting that the cells in this layer have a survival advantage later in development (see below).
We also examined the cellular composition of the enlarged areas at P30. The enlarged areas of P30 retinas ONL were composed mainly of photoreceptors, as in Wt mice. Anti-calretinin staining, which recognizes ganglion and amacrine cells, did not detect supernumerary cells in the ONL, but as for Wt mice, calretinin stained the GCL, which was normal in appearance (Fig. 4G) . In contrast, staining with an anti-opsin antibody, which recognizes the photoreceptor outer segments conforming the sl in the adult retina, illustrated that the enlarged ONL was composed of photoreceptors, as they had opsin-positive outer segments forming an enlarged and folded sl (Fig. 4H) . In addition, calretinin staining intensity in an identical area from the GCL of P30 Wt retinas, as well as the GCL of P30 Tg retinas in nonfolded and folded regions yielded similar values (166.6 Ϯ 6.6, 158.8 Ϯ 8.4, and 164.7 Ϯ 10.5, respectively). In adult retina, opsin stains the outer photoreceptor segments (located in the sl) rather than the photoreceptor nucleus in the ONL. To examine photoreceptor cell density at P30, we quantitated the intensity of DAPI nuclear staining in identical areas from the ONL of P30 Wt retinas, as well as the ONL of P30 Tg retinas in nonfolded or folded regions, which yielded similar values (173.2 Ϯ 17.2, 169.2 Ϯ 11.2, and 168.25 Ϯ 11.7, respectively). In most cases, the folded areas of P30 Tg retinas thus contained an enlarged ONL, composed of photoreceptors packed at a cell density similar to Wt retinas.
Increased Proliferation in p65 PI3K Tg Mouse Retina
The phenotype of p65 PI3K Tg mouse retina shows areas of tissue enlargement. This increased cell number may be caused by an increment in the proliferation, or result from a decrease in cell death, or a combination of both. Proliferation is maximal during embryonic life; it remains active at P5 and is very low by P7 (Young, 1985; Turner et al., 1990; Alexiades and Cepko, 1996) . To compare cell division, we first examined neuroepithelial cells at E17, an age at which more that half of the neuroepithelial cells are dividing (Alexiades and Cepko, 1996 ; our data not shown). To evaluate the rate of cell cycle entry at embryonic stages, whole retinas were dissected and cultured in the presence of BrdU. Comparison of the percentage of BrdU-positive cells in Tg vs Wt mice yielded a ratio of 1.3 Ϯ 0.2 (Student's t test, P Ͻ 0.01). Cell division was also examined in P5 mice by in vivo BrdU labeling. The number of dividing cells was quantitated by examining BrdU-positive cells (Fig. 5A ) compared with total cell numbers quantitated after DAPI nuclear staining (Fig. 5B) . Tg retinas contained a larger proportion of dividing cells than did Wt retinas ( Fig. 5C ; P Ͻ 0.02). Larger proportions of dividing cells were also observed in P0.5 and P2 Tg retinas (not shown). BrdU-labeling assays were performed in Tg retina cryosections, which confirmed the greater division rates and illustrated that the majority of BrdU-positive cells were localized in a central band of the nuclear layer, as in Wt retinas (not shown).
To assess whether the division capacity of cells in the ectopic cell masses in Tg retina differed from that of adjacent areas, we examined P5 (not shown) and P7 retina cryosections. P7 is a stage at which the proportion of dividing cells is low (Ͻ5%) and is restricted mainly to the peripheral retina (Tropepe et al., 2000) . BrdU incorporation was negative in the ectopic cell masses and in surrounding tissue, showing that these cells were not neoplastic or uncommitted proliferative cells (Fig. 5D) . As a positive control, we examined the peripheral P7 Tg retina, which contained BrdU-positive cells (not shown). These results indicate that p65 PI3K expression causes an increase in the proportion of proliferating neuroepithelial cells.
Apoptosis in Immature Retina from p65 PI3K Tg Mice
The increase in cell division accounts for the enlargement of the retinal cell layers, but does not justify the larger ectopic cell masses at P0 compared with P16 (Fig. 2) . Another unexplained observation is the selective enlargement of the ONL often found in adult tissue (Figs. 3B-3D ). Cell death in rodent retina was shown to act throughout development, with two peaks of maximum death at P5 and P16 (Voyvodic et al., 1995) . The cell death process corrects the proportions of the different cell types in the retina and eliminates neuronal cells that form inappropriate synapses (Oppenheim, 1989; de la Rosa and de Pablo, 2000) . Apoptosis does not act uniformly and is maximal in GCL and INL in the first week after birth, but in the ONL is highest at P16, an age at which cell division has ceased (Voyvodic et al., 1995) . The progressive decrease in phenotype severity in p65 PI3K Tg mice suggested that apoptosis may act to eliminate supernumerary cells in Tg retina. Previous observations showed that increased cell cycle entry triggered by deregulated PI3K activation may result in apoptosis induction (Klippel et al., 1998) . We thus examined cell death in the retina at an age, P5, in which increased cell cycle entry is detected in p65 PI3K Tg mice. To examine whether p65 PI3K expression affected cell death, TUNEL staining was performed in equivalent cryosections of P5 Tg and Wt retinas. TUNEL and BrdU doublestaining showed that cell death occurs in the same area in which proliferative BrdU-positive neuroepithelial cells and newly postmitotic neuroblasts are localized (Fig. 6A) , rather than in the areas of differentiated neurons (Figs. 6B and 6C ). To quantitate total cell death at P5, whole-mount retinas were stained by TUNEL, pyknotic nuclei were quantitated and represented in maps of isodensity death (Fig. 6D ). These maps, as well as total pyknotic nuclei quantitation ( Fig. 6E , P Ͻ 0.02), showed that Tg retina had a larger proportion of cell death than Wt retina. The isodensity maps also showed similar cell death distribution in Wt and Tg retina, with minimal cell death in the central P5 retina, and apoptotic nuclei distributed throughout the intermediate retina in a ring-shaped region that extends from the optic nerve site (Fig. 6D) . Examination of cell death in cryosections confirmed the increase in apoptosis (not shown) and showed that the proportion of pyknotic nuclei in ectopic cell masses was similar to that in surrounding tissue (Fig. 6F ). In conclusion, Tg p65 PI3K expression in the P5 retina causes not only deregulation of cell division, but also an increment in the cell death rate.
Apoptosis in P16 Retinas from p65 PI3K Tg Mouse
The deregulation of cell division and cell death observed in immature retinas (P5) expressing deregulated PI3K may explain that, despite the higher cell division rate in Tg compared with Wt retinas, the severity of the Tg mouse retina phenotype decreases progressively during the first week of life. The phenotype observed in adult retina ONL nonetheless remained unexplained. We showed previously that activation of PI3K enhances cell division when combined with other mitogenic signals, but alone is sufficient to trigger cell survival (Jimé nez et al., 1998; Borlado et al., 2000; Alvarez et al., 2001) . Considering that in rodents, most cell death in the ONL occurs at P16 (Voyvodic et al., 1995) , we examined whether PI3K activation could trigger survival at P16, an age at which cell division has ceased (Young, 1985; Alexiades and Cepko, 1996) .
Cell death was first examined by TUNEL staining of comparable retina cryosections of Wt and Tg P16 retinas. This analysis showed that, in Tg retina, pyknotic nuclei were distributed mainly throughout the ONL (Figs. 7A and  7B ), as in Wt retinas. In addition, the proportion of pyknotic nuclei in ectopic masses of P16 Tg retinas was similar to that in surrounding tissue (not shown). Quantitation of TUNEL-positive cells in P16 retina cryosections that pass through the optic nerve illustrated that cell death in Tg retinas was lower than in Wt retinas ( Fig. 7C , P Ͻ 0.02). Total cell death quantitation was also examined by TUNEL staining of whole-mount retina. Total pyknotic nuclei quantitation confirmed that whole-mount P16 retinas had a lower proportion of cell death than did Wt retinas ( Fig. 7D , P Ͻ 0.03). Isodensity map representation showed that cell death distribution in Tg was similar to that in Wt retina (Fig. 7E) . Once proliferation has ceased, therefore, p65 PI3K transgene expression in the ONL triggered an increase in cell survival. The increased survival of photoreceptors expressing p65 PI3K in P16 retina explains the frequent enlargement of this cell layer in the adult retina.
DISCUSSION
To examine the role of PI3K in neurogenesis, we interfered with normal PI3K regulation by expressing an activating mutant form of its regulatory subunit, p65 PI3K , as a transgene in retina. Mice expressing p65 PI3K had severely disrupted retina morphogenesis, with ectopic cell masses in the neuroepithelium that evolved into infoldings of retinal cell layers, resulting in an aberrant adult system. Although ectopic cell masses appeared in developing and adult retinas, enlargements affected the different retinal cell layers in immature P0 -P5 retina, whereas the photoreceptor cell layer (ONL) was the most affected layer in the adult. To understand the mechanisms responsible for these morphogenic defects, we evaluated differentiation, division, and apoptosis in Wt and Tg retinas at different developmental stages.
We previously showed that enhancement of PI3K activation prolongs survival of mature T cells in vivo (Borlado et al., 2000) . In addition, activation of PI3K in combination with other growth factor-induced signals triggers or enhances cell division (Jimé nez et al., 1998; Borlado et al., 2000; Alvarez et al., 2001) . We find a similar PI3K function in retinal development, as the p65 PI3K transgene has no effect on differentiation, but enhances cell division in developmental stages at which endogenous factors trigger cell division. p110␣-deficient mice also show cell division defects in the CNS (Bi et al., 1999) , supporting the central role of PI3K in cell division during neurogenesis; nonetheless, the early death of these mice impaired further study. Analysis of p65 PI3K mice illustrated that, in developmental stages at which division signals had ceased (P16; Alexiades and Cepko, 1996) , PI3K activation enhanced survival of the cells expressing high p65 PI3K levels (photoreceptors). The reason that these cells are rescued selectively from apoptosis may be related to the fact that the majority of photoreceptors in rodents die at around day P16 ( Fig. 7 ; Voyvodic et al., 1995) . At this age, at which physiological cell division has finished, enhanced activation of PI3K in the absence of other mitogenic signals may be sufficient to trigger sur- vival, as in other cell types (Borlado et al., 2000) . In contrast, apoptosis in other retinal cell types is maximal in the first week after birth (Voyvodic et al., 1995) , when expression of the p65 PI3K transgene induces cell cycle deregulation and a compensatory increase in cell death. The increase in cell division in the first week of life and the increase in photoreceptors survival once division has ceased explain tissue enlargement at early developmental stages, and the more severe defects of the photoreceptor cell layer in adult retina. Using in vitro systems, it was proposed that PI3K-regulated pathways mediate neuronal survival (Yao and Cooper, 1995; Dudek et al., 1997; Kuruvilla et al., 2000; Barber et al., 2001) . The data shown here demonstrate for the first time in vivo that PI3K activation induces survival of differentiated neurons.
In spite of the common role for PI3K in triggering survival and division in both differentiated and developing cells (Díaz et al., 1999; Bi et al., 1999; Borlado et al., 2000; Alvarez et al., 2001) , a more complex cell response profile is induced by PI3K during development. p65 PI3K expression not only increases photoreceptor survival once division has ceased, but enhances apoptosis at early developmental stages when cell division is increased. Previous observations showed that induction of high expression levels of a constitutive active p110 mutant may result in accelerated cell cycle entry and apoptosis induction (Klippel et al., 1998) . Nonetheless, this action was not observed in vivo following p65 PI3K expression in differentiated cells, such as T lymphocytes (Borlado et al., 2000) . Local coexistence of cell division and cell death has also been described in other parts of the CNS (Thomaidou et al., 1997; Blaschke et al., 1998) . p57
Kip2 as well as Rb knockout mice showed increased proliferation and cell death in the CNS (Clarke et al., 1992; Jacks et al., 1992; Lee et al., 1992; Dyer and Cepko, 2000) . The phenotypes of these mouse models, like that of p65 PI3K Tg mice, indicate that genetic alterations enhancing cell division may trigger cell death, showing that the intracellular pathways that induce both processes are intimately connected. This linkage may exist to ensure that apoptosis can be triggered not only when neurons fail to make appropriate synaptic connections (Oppenheim, 1989) , but also when deregulated cell division alters the correct proportions of the distinct neuronal cell types (de la Rosa and de . The observation that the retinal phe- notype of p65 PI3K Tg mice at P0 is more severe than at P5 or P16 suggests that the increase in apoptosis observed during the first week of life partially compensates for the increase in cell division.
All together, these observations support a model to explain the p65 PI3K Tg mouse phenotype. Enhanced PI3K activation induces an increase in cell division that results in tissue enlargement at early developmental stages. This alteration in cell division, the enhanced PI3K activation in p65 PI3K Tg mice, or the excessive cell numbers generated at early developmental stages, appear to trigger a compensatory increase in cell death (Fig. 6) , a process that is maximal during the first week after birth in the INL and the GCL (Voyvodic et al., 1995) . The increased cell death partially compensates for the augmented cell division, progressively reducing the severity of the phenotype in the first week of life. For rodent photoreceptors, cell death has nonetheless been shown to occur later in development, once division has ceased (Voyvodic et al., 1995) . In the absence of other mitogenic signals, transgene expression in photoreceptors enhances their survival, resulting in the maintenance of an enlarged ONL in the adult retina.
We find that both endogenous p85 and p65 PI3K are expressed in the different retinal cell layers. Although p85-PI3K expression was previously described in the CNS and in different retinal cell types including photoreceptors (Guo et al., 1997; Shin et al., 1998; Horsch and Kahn, 1999; Trejo and Pons, 2001; Barber et al., 2001 ), here we compared the expression profiles at different ages and in distinct cell layers. Both p65 PI3K and p85 were expressed in the NL of developing retinas, consistent with putative PI3K involvement in triggering cell division. In the adult, p65 PI3K and p85 expression were expressed in the distinct cell layers, but expression appeared to be higher in the photoreceptor outer segments, consistent with a role for this enzyme in regulating photoreceptor survival.
Neuron and glia generation in the developing CNS is regulated by several factors, including growth factors and neurotransmitters such as neurotrophins, basic fibroblast growth factor (FGF), transforming growth factor-␣ and -␤ (TGF-␣ and -␤), insulin/insulin-like growth factor-1 (Ins/ IGF-I), and the monoamine neurotransmitters. Other factors, such as the neuropeptide vasoactive intestinal peptide, pituitary adenylate cyclase-activating peptide, plateletderived growth factor, and ciliary neurotrophic factor, also regulate proliferation, survival, and differentiation in the CNS (review in Harris, 1997; Cameron et al., 1998; Casaccia-Bonnefil et al., 1999; de la Rosa and de Pablo, 2000) . Some of the factors that participate in retinal development, such as neurotrophins, Ins/IGF-I, and members of the PDGF, TGF, and FGF families (Anchan et al., 1991; Fuhrmann et al., 1999; Das et al., 2000; Kuruvilla et al., 2000) , also trigger PI3K activation (Yao and Cooper, 1995; Dudek et al., 1997; Williams and Doherty, 1999; Kuruvilla et al., 2000) . The receptors for these factors constitute potential candidates for triggering PI3K activation during retina development in vivo. Survival in T cells and fibroblasts is induced via an AKT-dependent pathway, whereas cell division requires the contribution of PI3K-independent signals, such as Raf activation (Borlado et al., 2000; Jimé nez et al., 1998) . Activation of AKT and Raf has also been shown to trigger neuronal survival in vitro (Dudek et al., 1997; Pimentel et al., 2000; Wiese et al., 2001; Barber et al., 2001) ; nonetheless, the pathways by which PI3K controls cell division during neurogenesis remain to be fully characterized.
The presented observations demonstrate that finely tuned regulation of PI3K activity is required for correct retina development, supporting PI3K involvement in regulating cell division. In addition, our data show that, even after cell division decline, PI3K activation mediates survival of differentiated neurons in vivo.
